In this work, we present a switched relaying framework for multiple-input multiple-output (MIMO) relay systems where a source node may transmit directly to a destination node or aided by relays. We also investigate relay selection techniques for the proposed switched relaying framework, whose relays are equipped with buffers. In particular, we develop a novel relay selection protocol based on switching and the selection of the best link, denoted as Switched Max-Link. We then propose the Maximum Minimum Distance (MMD) relay selection criterion for MIMO systems, which is based on the optimal Maximum Likelihood (ML) principle and can provide significant performance gains over other criteria, along with algorithms that are incorporated into the proposed Switched Max-Link protocol. An analysis of the proposed Switched Max-Link protocol and the MMD relay selection criterion in terms of computational cost, pairwise error probability, sum-rate and average delay is carried out. Simulations show that Switched Max-Link using the MMD criterion outperforms previous works in terms of sum-rate, pairwise error probability, average delay and bit error rate.
I. INTRODUCTION
I N wireless networks, signal fading caused by multipath propagation is a channel propagation phenomenon that can be mitigated through the use of cooperative diversity [1] , [2] , [3] . In cooperative communications with multiple relays, where a number of relays help a source to transmit data packets to a destination, by receiving, decoding and forwarding these packets, relay selection schemes are key because of their high performance [4] , [5] , [6] . As cooperative communication can improve the throughput and extend the coverage of wireless communications systems, the task of relay selection serves as a building block to realize it. In this context, relay schemes have been included in recent/future wireless standards such as Long Term Evolution (LTE) Advanced [7] , [8] and 5G standards [9] .
A. Prior and Related Work
In conventional relaying, using half duplex (HD) and decode-and-forward protocols, transmission is often organized in a prefixed schedule with two successive time slots. In the first time slot, the relay receives and decodes the data transmitted from the source, and in the second time slot the relay forwards the decoded data to the destination. Single relay selection schemes use the same relay for reception and transmission, and cannot simultaneously exploit the best available source-relay (SR) and relay-destination (RD) channels. The most common schemes are bottleneck based and maximum harmonic mean based best relay selection (BRS) [4] .
The performance of relaying schemes can be improved if the link with the highest power is used in each time slot. This can be achieved via a buffer-aided relaying protocol, where the relay can accumulate packets in its buffer prior to transmission. The use of buffers provides an improved performance and extra degrees of freedom for system design [7] , [10] . However, it suffers from additional delay that must be well managed for delay-sensitive applications. Buffer-aided relaying protocols require not only the acquisition of channel state information (CSI), but control of the buffer status. Applications of bufferaided relaying are: vehicular, cellular, and sensor networks [7] .
In Max-Max Relay Selection (MMRS) [4] , in the first time slot, the relay selected for reception can store the received packets in its buffer and forward them at a later time when selected for transmission. In the second time slot, the relay selected for transmission can transmit the first packet in the queue of its buffer, which was received from the source earlier. MMRS assumes infinite buffer sizes. However, considering finite buffer sizes, the buffer of a relay becomes empty if the channel conditions are such that it is selected repeatedly for transmission (and not for reception) or full if it is selected repeatedly for reception (and not for transmission). To overcome this limitation, in [4] a hybrid relay selection (HRS) scheme, which is a combination of BRS and MMRS, was proposed.
Although MMRS and HRS improve the throughput and/or SNR gain as compared to BRS, their diversity gain is limited to the number of relays N . This can be improved by combining adaptive link selection with MMRS, which results in the Max-Link [11] protocol. The main idea of Max-Link is to select in each time slot the strongest link among all the available SR and RD links (i.e., among 2N links) for transmission [12] . For independent and identically distributed (i.i.d.) links and no delay constraints, Max-Link achieves a diversity gain of 2N , which is twice the diversity gain of BRS and MMRS.
Max-Link has been extended in [13] to account for direct source-destination (SD) connectivity, which provides resiliency in low transmit SNR conditions [12] . In [14] , [15] , [16] , [17] , [18] , [19] , [20] , buffer-aided relay selection protocols were shown to improve the Max-Link performance by reducing the average packet delay, ensuring a good diversity gain, and/or achieving full diversity gain with a smaller buffer size as compared to Max-Link. In [14] , the outage performance and the average packet delay of a relay system that exploits buffer-aided max-link relay selection are analyzed. In [15] , a study of the average packet delay of a buffer-aided scheme that selects a relay node based on both the channel quality and the buffer state of the relay nodes was performed. In [16] , the relay associated with the largest weight is selected among the qualified source-relay and relay-destination links, where each link is assigned with a weight related to the buffer status. In [17] , motivated by the Max-Link and the Max-Max protocols, a hybrid buffer-aided cooperative protocol that attains the benefits of reliability and reduced packet delay is reported. In [18] , a delay and diversity-aware buffer-aided relay selection policy that reduces the average delay and obtains a good diversity gain is proposed. In [19] , a relay selection scheme that seeks to maintain the states of the buffers by balancing the arrival and departure rates at each relay's buffer has been reported. In [20] , the best relay node is selected as the link with the highest channel gain among the links within a priority class. In summary, the previous schemes (MMRS, HRS and Max-Link) only use buffer-aided relay selection for cooperative single-antenna systems.
More recently, buffer-aided relay selection protocols for cooperative multiple-antenna systems have been studied. In [21] , a virtual full-duplex (FD) buffer-aided relaying to recover the loss of multiplexing gain caused by HD relaying in a multiple relay network through joint opportunistic relay selection (RS) and beamforming (BF), is presented. Moreover, in [22] , a cooperative network with a buffer-aided multi-antenna source, multiple HD buffer-aided relays and a single destination is presented to recover the multiplexing loss of the network.
B. Contributions
In this work, we develop a switched relaying framework extended for MIMO relay systems that considers direct or cooperative transmissions with Maximum Likelihood (ML) detection and a Switched Max-Link protocol for cooperative MIMO systems, with non reciprocal channels, which selects the best links among N relay nodes and whose preliminary results were reported in [23] and then further detailed in [26] . We then consider the novel MMD relay selection criterion [23] , which is based on the optimal ML principle and the Pairwise Error Probability (PEP) [23] , [24] , [25] , and the existing Quadratic Norm (QN) criterion and devise relay selection algorithms for Switched Max-Link. An analysis of the proposed scheme in terms of PEP, sum-rate, average delay and computational cost is also carried out. Simulations illustrate the excellent performance of the proposed framework, the proposed Switched Max-Link protocol and the MMDbased relay selection algorithm as compared to previously reported approaches. The main contributions of this work can be summarized as:
1) A switched relaying framework extended for MIMO relay systems that considers direct or cooperative transmissions with ML detection; 2) The Switched Max-Link protocol for cooperative MIMO relay systems; 3) The MMD criterion for MIMO relay systems, along with a relay selection algorithm; 4) An analysis of the proposed Switched Max-Link scheme with the MMD relay selection criterion in terms of PEP, sum-rate, average delay and computational cost. Table I shows the description of the main symbols adopted in this work. This paper is structured as follows. Section II describes the system model and the main assumptions made. Section III 
II. SYSTEM DESCRIPTION
We consider a multiple-antenna relay network with one source node, S, one destination node, D, and N half-duplex decode-and-forward (DF) relays, R 1 ,...,R N . The S and D nodes have M S antennas for transmission and reception, respectively, and each relay M R = U M S antennas, where U ∈ {1, 2, 3 . . . }. All the M R antennas are used for reception (M Rrx = M R ) and a set of M S antennas is selected among M R to be used for transmission (M Rtx = M S ). Thus, this configuration forms a spatial multiplexing network, in which the channel matrices are square or formed by multiple square submatrices. Each relay is equipped with a buffer, whose size is J packets and the transmission is organized in time slots [4] . This configuration is considered for simplicity. The considered system is shown in Fig. 1 . 
A. Assumptions
In cooperative transmissions two time slots are needed to transmit data packets from S to D, so the energy transmitted in direct transmissions (from S to D) is twice the energy E S transmitted in cooperative transmissions, from S to the relay selected for reception R k or from the relay selected for transmission R j to D (E Rj ), E Rj = E S = E. For this reason, the energy transmitted from each antenna in cooperative transmissions equals E/M S and the energy transmitted from each antenna in direct transmissions equals 2E/M S . We consider that the channel coefficients are modeled by mutually independent zero mean complex Gaussian random variables. Moreover, we assume that the transmission is organized in data packets and the channels are constant for the duration of one time slot and vary independently from one time slot to the next. The information about the order of the data packets is contained in the preamble of each packet, so the original order is restored at D. Other information such as signaling for CSI estimation are also inserted in the preamble of the packet. We consider perfect and imperfect CSI. A distributed implementation can reduce signaling overheads and reduce the impact of outdated CSI. Furthermore, we assume that the relays do not communicate with each other. We also assume that D is the central node, being responsible for deciding whether S or a relay should transmit in a given time slot i. The central node has access to the channel and the buffer state information, so it may run the algorithm in each time slot and select the relay for transmission or reception through a feedback channel. This assumption can be ensured by an appropriate signalling that provides global CSI at D [11] . Furthermore, we assume that S has no CSI and each relay has only information about its SR channels and buffer status.
B. System Model
The proposed system can operate in each time slot in two modes: "Direct Transmission" (DT) or "Max-Link". Thus, depending on the relay selection metrics (explained in Section III), the system may operate in each time slot with three options: a) DT mode: S transmits M S packets directly to D; b) Max-Link-SR mode: S transmits M S packets to R k ; c) Max-Link-RD mode: R j transmits M S packets to D.
If the relay selection algorithm decides to operate in the DT mode, the received signal from the S to D is organized in an M S × 1 vector y S,D [i] given by
where x[i] represents the vector formed by M S symbols sent by S, H S,D represents the M S × M S matrix of SD links and n D denotes the zero mean additive white complex Gaussian noise (AWGN) at D. Assuming synchronization and perfect CSI, at D we employ the ML receiver which yieldŝ
where x ′ [i] represents each possible vector formed by M S symbols. Thus, the ML receiver computes the vector of transmitted symbols which is the optimal solution. As an example, if we have BPSK (number of constellation symbols N s = 2), unit power symbols and M S = 2, the estimated vector of
Other suboptimal detection techniques could be considered in future work [34] , [35] , [36] , [37] , [38] , [39] , [68] , [41] , [42] , [43] , [44] , [45] , [46] , [47] , [48] . Otherwise, if the relay selection algorithm decides to operate in the Max-Link-SR mode, the received signal from S to R k is organized in an U M S × 1 vector y S,R k [i] given by
where H S,R k represents the U M S × M S matrix of SR k links and n R k represents the AWGN at R k . Note that H S,R k is formed by U square submatrices of dimensions M S × M S as given by
Assuming synchronization and perfect CSI, at R k we employ the ML receiver [5] :
Moreover, if the relay selection algorithm decides to operate in the Max-Link-RD mode, the signal transmitted from R j to D is structured in an M S × 1 vector y Rj ,D [i] given by
wherex[i] is the vector formed by M S previously decoded symbols in the relay selected for reception and stored in its buffer and now transmitted by R j and H u Rj,D is an M S × M S matrix of R j D links. Alternatively, a designer can consider precoding techniques [49] , [50] , [51] , [52] , [53] , [54] , [55] , [56] , [62] to help mitigate interference rather than open loop transmission. Note that H u Rj ,D is selected among U submatrices of dimension M S × M S contained in H Rj ,D as given by
At D, we also resort to the ML receiver which computeŝ
Considering imperfect CSI, the estimated channel matrixĤ is assumed, instead of H in (2), (5) and (8) . Thus, the variance of the H e coefficients is given by σ 2 e = βE −α (β ≥ 0), in the case of H S,R k or H Rj,D , and σ 2 e = β(2E) −α , in the case of H S,D . As an example, in the case of H S,R k , the estimated channel matrix is given byĤ S,R k = H S,R k + H e . Channel and parameter estimation [57] , [58] , [59] , [60] , [61] , [62] , [63] , [64] , [65] , [66] , [67] , [68] techniques could be considered in future work in order to develop algorithms for this particular setting.
III. PRINCIPLES OF SWITCHED MAX-LINK RELAY
SELECTION BASED ON MMD In this section, we detail the proposed Switched Max-Link relay selection protocol.
A. Principles of Switched Max-Link Relay Selection
The system presented in Fig. 1 is equipped with the proposed Switched Max-Link relay selection protocol, that in each time slot may operate in two possible modes ("DT" or "Max-Link"), with three options: a) work in DT mode: S sends M S packets directly to D; b) work in Max-Link-SR mode: S sends M S packets to R k and these packets are stored in its buffer; c) work in Max-Link-RD mode: R j forwards M S packets from its buffer to D.
The proposed Switched Max-Link protocol uses the MMD relay selection criterion. As the scheme proposed in [28] , the proposed MMD relay selection criterion is based on the ML principle. However, the metrics calculated by MMD are different from those of the scheme in [28] , which leads to considerably better performance. MMD is also based on the worst case of the PEP and chooses the relay associated with the largest minimum Euclidian distance. So, it requires the distance between the N MS s possible vectors of transmitted symbols. The MMD-based relay selection algorithm, in the Max-Link-SR mode, chooses the relay R k and the associated channel matrix H MMD S,R k with the largest minimum distance as given by
where Moreover, the MMD-based relay selection algorithm, in the Max-Link-RD mode, chooses the relay R j and the associated channel matrix H MMD Rj ,D with the largest minimum distance as given by
where Table II shows the Switched Max-Link pseudo-code and the following subsections explain how this protocol works. Calculate the metrics D u
6:
Compute the expected values and D min SR i
7:
Perform ordering on D min SR i and D min R i D
8:
Find the maximum minimum distance D max min SR−RD = max (D min SR i , D min R i D );
9:
Calculate the metrics D SD
10:
Find the minimum distance -D min SD D min SD = min (D SD );
11:
Select the transmission mode
..} is a parameter that works as a switch. When S = 0 the scheme operates only in the Max-Link-(SR or RD) mode (MMD-Max-Link protocol). Moreover, when S > 0 the scheme operates in the Max-Link-(SR or RD) or DT mode (Switched-Max-Link protocol).
B. Calculation of relay selection metric
In the first step we calculate the metrics D u SRi related to the SR channels of each submatrix H u S,Ri of each relay R i , in Max-Link mode:
where u ∈ {1, . . . U }, i ∈ {1, . . . N }, x l and x n represent each possible vector formed by M S symbols and l = n. This metric is calculated for each of the C N M S s 2 (combination of N MS s in 2) possibilities. As an example, if M S = 2 and N s = 2, we have C 4 2 = 6 possibilities. Then, we store the smallest metric (D u min SRi ), for being critical (a bottleneck) in terms of performance, and thus each relay will have a minimum distance associated with its SR channels. In the second step we calculate the metrics D u RiD related to the RD channels of each submatrix H u Ri,D of each relay R i :
where l = n. This metric is also calculated for each of the C N M S s 2 possibilities. Then, we store the minimum distance (D u min RiD ), and thus each submatrix H u Ri,D will have a minimum distance associated with its RD channels. In the third step, we find the largest minimum distance D min RiD , and thus each relay will have its best channel submatrix H u Ri,D which is associated with this distance:
In the fourth step, after calculating the metrics D u min SRi and D min RiD for each of the relays, as described previously, we compute the expected values of D u min SRi and D min RiD and adjust the D u
min SRi values to balance the number of time slots selected for Max-Link-SR and Max-Link-RD modes:
Then, we perform ordering and select the largest value of these distances:
Therefore, we select the relay that is associated with D max min SR−RD , considering its buffer status. This relay will be selected for reception (if its buffer is not full) or transmission (if its buffer is not empty), depending on this metric is associated with the SR or RD channels, respectively. Otherwise, the algorithm checks if the next maximum minimum distance and the associated relay meet the necessary requirements related to the buffer status.
C. Calculation of the metric for direct transmission
In this step we calculate the metric D SD related to the SD channels for the DT mode:
where l = n. This metric is calculated for each of the C N M S s 2 possibilities. Then, we store the minimum distance (D min SD ).
Considering imperfect CSI, the estimated channel matrixĤ is assumed, instead of H in (11), (12) and (16) . After finding D max min SR−RD and D min SD , we compare these parameters and select the transmission mode that is equal to
Dmin SD , and S ∈ {0, 1, 2, . . . } is a parameter that works as a switch. In [23] , assuming symmetric channels and applications without critical delay constraints, the switch S is equal to one. If we consider asymmetric channels and the need for a short average delay, we select an S that takes for granted that the protocol achieves a good BER and average delay performance. If S is equal to zero, the protocol is selected to operate only in the Max-Link mode and we do not have the possibility of a direct SD connectivity and, consequently, we have another scheme called "MMD-Max-Link". Otherwise, when we increase S, the number of time slots in which the protocol is selected to operate in the DT mode increases.
IV. ANALYSIS OF MMD: IMPACT ON RELAY SELECTION, PEP, COMPLEXITY, SUM-RATE AND AVERAGE DELAY In this section, we first analyze the proposed MMD and the existing QN relay selection criteria. We compare the PEP and the computational complexity of the MMD criterion versus the QN criterion. We then derive expressions to compute the sumrate and the average delay of the Swiched Max-Link protocol.
A. Impact of the MMD and QN criteria on relay selection
The metrics D (D u SRi , D u RiD and D SD ) are calculated in (11) , (12) and (16), for each of the C N M s 2 possibilities. However, in the following, we will show that it is not necessary to calculate all these possibilities. The total number of calculations of the metric D, needed by the MMD criterion, depends on the number M S of antennas at S and D and the number M R of antennas at each relay. Furthermore, it depends on the constellation (BPSK, QPSK, 16-QAM...), specifically on the number of different distances between the constellation symbols. For the MMD criterion to compute the metric D, it is necessary to consider the absolute value of the distances between the constellation symbols (d c ). If we have BPSK and unit power symbols,
In the case of D u SRi and D u RiD , if x n and x l are different from each other in just one symbol in position j, we have:
If x n and x l are different from each other in two symbols in positions j and k, we have:
where the indices w and h may be different from each other. If x n and x l are different from each other in M S symbols, we have:
where the indices w and v may be different from each other. We can simplify the equations, making
We know that the PEP considers the error event when x n is transmitted and the detector computes an incorrect x l (where l = n), based on the received symbol [29] , [30] . If we consider M R = M S , then U = 1 and, consequently, H = H u and the PEP is given by
where N 0 is the power spectrum density of the AWGN. The MMD criterion, by maximizing the value of the minimum distance D min , also maximizes the minimum value of the PEP argument D ′ min (PEP worst case). The PEP argument D ′ is related to the sum of the powers of the coefficients of each column (or the combination of two or more columns by addition or subtraction) of the matrix H. Moreover, when U > 1, H is formed by multiple square submatrices H u , and the maximization of the minimum distances related to H u also implies the maximization of the minimum value of the PEP argument.
As an example, if we have BPSK and unit power symbols
, we have to calculate 4 different values for D ′ :
If we have the direct transmission option, by considering the matrix H S,D , we also have to calculate the same expressions described in (21) , multiplied by 2. Note that these examples were considered by adopting BPSK, but other constellations (QPSK, 16-QAM...) can be adopted.
The MMD metric D is based on the minimum Euclidian distances between the possible vectors of transmitted symbols. In contrast, in the QN criterion, that is based only on the total power of these links (as the traditional Max-Link), the metric Q is related to the quadratic norm (the sum of the powers of all the coefficients) of each matrix H:
Thus, the QN criterion selects the channel matrix H QN , as given by
The MMD criterion, differently from the QN criterion, takes into account the minimum distances related to D j in (17), D j,k in (18) and D 1,...,MS in (19) , to select H MMD :
where
The advantage of the MMD algorithm as compared to QN is that MMD, by maximizing D min , also maximizes the minimum value of the PEP argument D ′ min , whereas QN does not take it into account. So, the minimum value of the PEP argument D ′ QN min associated with H QN , selected by the QN criterion, may be not as high as the minimum value of the PEP argument D ′ MMD min associated with H MMD , selected by the MMD criterion. 
In contrast, by applying the MMD criterion and calculating the minimum distance of H S,R , we have:
. And the minimum distance of H R,D is equal to:
Thus, by considering (24), we have: H MMD = H S,R . Moreover, by calculating the minimum values of the PEP argument, we have: D ′ MMD min = 4(|b| 2 + |g| 2 ) and
Example 2: consider BPSK, unit power symbols and a network formed by S, D, one relay R (without direct transmission), and M S = M R = 2, where H S,R and H R,D are given by:
and b 3b g 3g , respectively, where ǫ 1 → 0 and ǫ 2 → 0. By applying the QN criterion and calculating the quadratic norm of H S,R , we have: Q = 25 |b| 2 + 16 |g| 2 + |ǫ 1 | 2 + |ǫ 2 | 2 . Q → 25 |b| 2 + 16 |g| 2 . And the quadratic norm of H R,D is equal to: Q = 10 |b| 2 + 10 |g| 2 . Thus, by considering (23), we have: H QN = H S,R . In contrast, by applying the MMD criterion and calculating the minimum distance of H S,R , we have:
Thus, by considering (24), we have:
Moreover, by calculating the minimum values of the PEP argument, we have:
We have seen in these examples that:
In the appendix, we develop a proof that shows that:
Note that these examples were considered by using BPSK, but other constellations (QPSK, 16-QAM...) can be adopted.
B. Pairwise Error Probability
As we have seen in (20) , the PEP considers the error event when x n is transmitted and the detector computes an incorrect x l (where l = n), based on the received symbol. If we consider M R = M S , then U = 1 and, consequently, H = H u and the PEP will have its maximum value for the minimum value of D ′ (worst case of the PEP). So, for the worst case of the PEP (D ′ min ), in direct SD transmissions, in each time slot, we have
However, for cooperative SR − RD transmissions, an approximated expression for computing the worst case of the PEP in each time slot (regardless of whether it is an SR or RD link) is given by
The metric D ′ min is maximized by the MMD criterion and the same does not happen to the QN criterion. The PEP is given by a Q function and its argument is given by the root square of a constant E 2N0MS multiplied by D ′ min . We know that by the characteristic of the Q function when its argument grows its value decreases. Therefore, if we consider (25) , (26) and (27), we have
where P MMD (x n → x l |H MMD ) is the PEP for the worst case in the MMD criterion and P QN (x n → x l |H QN ) is the PEP for the worst case in the QN criterion. Note that when U > 1, H is formed by multiple square submatrices H u , and the maximization of the minimum distances related to H u done by the MMD criterion also implies the maximization of the minimum value of the PEP argument. Note that for multiple antennas the PEP worst case performance of the MMD-Max-Link scheme is much better than that of QN-Max-Link for the total range of SNR values tested. When we increase N , the MMD-Max-Link has its performance improved and the gap between the curves is increased. The same does not happen to QN-Max-Link, as the QN criterion does not take the metric D ′ min into account. Note that this example was considered by adopting BPSK, but other constellations (QPSK, 16-QAM...) can be considered.
C. Computational Complexity
We may generalize the total number X of calculations of the metric D, needed by the MMD criterion, for each matrix
where W is the total number of different distances between the constellation symbols (d c ). If we have BPSK, W = 1, and QPSK, W = 3. In QPSK, the calculation of some of these metrics is redundant, so the number of calculations X may be less than the indicated in (29), but it was considered in this way, by the greater ease of implementation of the algorithm. Table III shows the complexity of the MMD and QN criteria for a number of N relays, M S antennas at S and D and M R = U M S antennas at the relays, considering only the cooperative transmission and the constellation type (BPSK, QPSK, 16-QAM...). Fig. 2 b) 
antennas at each node and BPSK. This result shows that the complexity of the MMD criterion with M S = 2 is not much higher than the complexity of the QN criterion. If we increase the number of antennas to M S = 3 (or more) in each node, the complexity of MMD becomes considerably higher than the complexity of QN.
D. Sum-Rate
The sum-rate of a given system is upper bounded by the system capacity. In this context, the capacity of the cooperative system in a given time slot, using a single relay selection scheme is given by [1] , [31] :
where the first term in (30) represents the maximum rate at which the relay can reliably decode the message from S, while the second term in (30) is the maximum rate at which D can reliably decode the estimated message from S transmitted by the relay [1] . Note that in the Switched Max-Link and MMD-Max-Link schemes, differently from a single relay scheme, the selected relay for reception R k may be different from the selected relay for transmission R j . Therefore, the capacity of the MMD-Max-Link and the Switched Max-Link (operating in the Max-Link mode) is given by
where the first term in (31) is the maximum rate at which R k can reliably decode the message from S, while the second term in (31) is the maximum rate at which D can reliably decode the estimated message from S transmitted by R j . The capacity of direct transmission is given by
As Switched Max-Link may operate in both transmission modes (Max-Link or DT), the expected sum-rate R in bits/Hz of this scheme, considering symmetric channels, may be expressed as: C DF ≤ R ≤ C DT . The relationship between mutual information and entropy can be expanded as follows for a given H S,R k (channel matrix from S to R k ):
where H(·) denotes the differential entropy of a continuous random variable. It is assumed that the transmit vector x and the noise vector n R k are independent. Eq. (33) is maximized when y S,R k is Gaussian, since the normal distribution maximizes the entropy for a given variance. For a complex Gaussian vector y S,R k , the differential entropy is less than or equal to log 2 det(πeK), with equality if and only if y S,R k is a circularly symmetric complex Gaussian vector with E[y S,R k y H S,R k ] = K [31] , [32] . By assuming the optimal Gaussian distribution for the transmit vector x, the covariance matrix of y S,R k is given by
where d and n denotes respectively the signal part and the noise part of (34) [32] . The maximum mutual information is then given by
where 
where Q S,D = 2E MS I MS . For simplicity, to compute the sumrate of the Switched Max-Link scheme, instead of considering (31), we considered an approximated expression for the sumrate in each time slot, depending on the kind of transmission. Therefore, in the case of a time slot i selected for SR transmission, the approximated sum-rate is given by
(38) Furthermore, in the case of a time slot i selected for RD transmission, the approximated sum-rate is given by
. (39) In the case of a time slot i selected for SD transmission, the approximated sum-rate is given by
Therefore, the average sum-rate (R) of the Switched Max-Link scheme can be approximated to
where n SR and n RD represent the total number of time slots selected for transmission from S to R k and from R j to D, respectively, in the Max-Link operation mode (n SR ∼ = n RD ), and n SD is the total number of time slots selected for transmission from S to D, in DT mode.
E. States of buffers, outage probability and throughput
In [11] , a framework based on Discrete Time Markov Chains (DTMC) is proposed to analyze the traditional Max-Link algorithm, considering single-antenna systems. This framework has been used in many subsequent works to analyze other buffer-aided relay selection protocols whose buffer is finite [18] . In the following, we use this framework to analyze the MMD-Max-Link and the Switched Max-Link protocols for multiple-antenna systems.
The states of the DTMC represent all the possible states of the buffers, for both MMD-Max-Link and Switched Max-Link protocols, and also the state of direct link SD, for Switched Max-Link. So, in the Switched Max-Link protocol, the transitions between the states are given by the probabilities of successful transmissions of packets and a state of the DTMC is represented not only by the number of sets of M S packets stored in each buffer (as in the MMD-Max-Link), but it also includes a state which depicts the reception of M S packets directly from S at D, denoted by E d [13] . This state E d ∈ {0, 1} changes every time a set of M S packets is received directly from S. If E d is in state 1 and D receives a set of M S packets directly from S then it moves to state 0, and vice versa. Note that the state E d does not change if a set of M S packets is received by a relay, or by D from a relay node.
In the Switched Max-Link protocol, the state of the DTMC can be represented by
The states are predefined in a random way as all the possible (L + 1) N combinations of the buffer sizes combined with the E d state [13] . We consider that A ∈ R 2(L+1) N ×2(L+1) N denotes the state transition matrix of the DTMC [13] , in which the entry A i,j = P (E i → E j ) = P (E t+1 = E j |E t = E i ) is the transition probability to move from state E i at time t to state E j at time (t+1). In order to construct the state transition matrix A, we have to identify the connectivity between the different states of the buffers [11] , [13] . For each time slot, the buffer and the E d status can be modified as follows: (a) the number of packets stored in a relay buffer can be decreased by M S , if a relay node is selected for transmission in Max-Link mode (and the system is not in outage), changing the buffer status, (b) the number of packets stored in a relay buffer can be increased by M S , if S is selected for transmission in Max-Link mode (and the system is not in outage), changing the buffer status, (c) if S is selected for transmission in DT mode (and the system is not in outage), changing the E d status, (d) the buffer and the E d status remain unchanged when there is an outage event (all the SR, RD and SD links in outage).
As the buffer of each relay is finite, the DTMC can be shown to be stationary, irreducible and aperiodic (SIA) [18] , [33] . In the following, analytical expressions are derived for the outage probability, average throughput and average packet delay.
An outage event occurs only when there is no change in the buffer and E d status. Hence, the outage probability of the system is given by the sum of the product of the probabilities of being at a stage r and having an outage event [11] , [13] , as given by
where Z = 1 and Z = 2 in the MMD-Max-Link and Switched Max-Link protocols, respectively. By considering the MMD-Max-Link and the Swiched Max-Link (operating in Max-Link mode), if there is only one transmission per time-slot, the average data rate ρ is 0.5 since two hops are required to reach D. Otherwise, in schemes with successive transmissions, ρ is approaching 1 [18] . The proportion of the packets that make it through is (1−P outage ). Thus, the average throughput is given by E[T ] = ρ(1 − P outage ) [18] , where ρ ∈ (0.5, 1). Note that if the links are i.i.d., then the average throughput of a relay R n [18] in the MMD-Max-Link protocol is given by
And the average throughput of R n in the Switched Max-Link protocol is given by
where ρ SML = 2ρP S ′ M L P S ′ M L +1 , and P S ′ ML is the probability of a packet being transmitted in the Max-Link mode (passing by the relays) for a given S ′ , considering S ′ = 1, if S ≥ 1, and S ′ = S, if S < 1.
F. Average Delay
Similarly to the traditional Max-Link [11] , Switched Max-Link and MMD-Max-Link were originally considered for applications without critical delay constraints. In this work, by considering the importance of a short average delay in most modern applications, an expression for the average delay of the proposed Switched Max-Link protocol is presented. The average delay is calculated by considering the time a packet needs to reach the destination once it has left the source (no delay is measured when the packet resides at S [13] ). In the Switched Max-Link protocol, the direct transmission is considered to have no delays and for packets that are processed by the relays, the delay is the number of time slots the packet stays in the buffer of the relay [13] .
For i.i.d. channels, the average delay is the same on all relays. Hence, it is enough to analyze the average delay on a single relay [18] . By Little's law, the average packet delay at R n , denoted by E[d n ] is given by
where E[L n ] and E[T n ] are the average queue length and average throughput, respectively [18] . So, the average queue length at R n , in the MMD-Max-Link and Switched Max-Link protocols, is given by
And the average throughput is given in (44) . Thus, by substituting (43), (44) and (47) into (46) , we have that the average delay in the MMD-Max-Link protocol is given by
where ρ = 0.5, considering one transmission per time slot. The derivation for the average delay at the high SNR regime is given in [33] . First the throughput of each relay is found. As the selection of a relay is equiprobable, the average throughput at any relay R n is ρ/N , where ρ is the average data rate. Since we have half-duplex links, ρ = 1/2 and therefore E[T n ] = 1 2N . Also, it can be shown that the average queue length at any relay is E[L n ] = L 2 . Thus, by Little's law,
So, as either the number of relays or the buffer size increases, the average delay of the MMD-Max-Link algorithm increases.
As the MMD-Max-Link protocol operates only in the Max-Link mode (similarly to the traditional Max-Link, but with multiple antennas), we consider that the average delay of MMD-Max-Link is similar to the average delay of Max-Link. In contrast, the average delay of Switched Max-Link is lower than that of Max-Link, because its advantage (the possibility of operating in DT mode). The average delay of the Switched Max-Link protocol is given by
where P S ML is the probability of a packet being transmitted in the Max-Link mode, for a given S. When the switch S tends to zero, P S ML tends to one (Switched Max-Link operates only in the Max-Link mode and its average delay equals the average delay of MMD-Max-Link). Otherwise, when S tends to ∞, P S ML tends to zero (Switched Max-Link operates only in DT mode, and its average delay tends to zero).
V. NUMERICAL RESULTS
This section illustrates and discusses the simulation results of the proposed Switched Max-Link, the MMD-Max-Link, the Max-Link with direct transmission capability [13] , the conventional MIMO (direct transmission, without relaying) and the Max-Link with the QN criterion (QN-Max-Link). QN-Max-Link with a single antenna refers to the traditional Max-Link [11] . The proposed Switched Max-Link scheme is considered in a network with N relays and M S antennas at S and D and M R antennas at the relays. We considered different values for the buffer size J and adopted J = 4 packets as it is sufficient to ensure a good performance. We have also adopted M S = 1 and 2 antennas. Since different packets may be stored at different relays for different amounts of time, the packets transmitted by S may arrive at D in an order different from the order at S [4] . To restore the original order at D, it was necessary to insert in the preamble of each packet the order information (its position in the binary format, ranging from 1 to the total number of packets). We assume that the transmitted signals belong to BPSK or QPSK constellations. The 16-QAM constellation was not included in this work because of its higher complexity. We also assume N 0 = 1 and E S = E Rj = E (total energy transmitted). Scenarios with asymmetric channels were also tested in order to depict the performance of the proposed Switched Max-Link and MMD-Max-Link algorithms. The transmit signal-to-noise ratio SNR (E/N 0 ) ranges from 0 to 12 dB and the performances of the transmission schemes were tested for 10000M S packets, each containing 100 symbols.
A. Analysis accuracy validation: PEP and BER performance
In the following we present the theoretical PEP worst case and the simulated BER performance to validate the accuracy of our analysis related to the MMD relay selection criterion, adopted in the Switched Max-Link and the MMD-Max-Link protocols. Then, the BER, average throughput and average delay performances of the Switched Max-Link and Max-Link with direct transmission capability [13] protocols are compared. We also present the BER performance considering BPSK, QPSK and outdated CSI of the Switched Max-Link, MMD-Max-Link and conventional MIMO protocols, considering unit power links (σ 2 S,R = σ 2 R,D = σ 2 S,D = 1). Fig. 3 . Switched Max-Link and Max-Link [13] PEP and BER performances. Fig. 3 shows the theoretical PEP performance that yields from our theoretical framework that has been presented in Section IV and the BER performance of the Switched Max-Link and Max-Link [13] protocols, for BPSK, M S = M R = 1, N = 3 and J = 4. In Switched Max-Link, we have S = 1 (solid curve) and 5 (dashed curve), and in Max-Link, we have r 0 = 1 (solid curve) and 0.5 BPCU (bits per channel use) (dashed curve). By comparing the solid curves, the result shows that for low SNR values (less than 8dB), the Max-Link protocol has a better BER performance than that of Switched Max-Link. This is because if an outage event occurs in Max-Link, the packet is not transmitted (improving the BER, but reducing the average throughput). In contrast, Switched Max-Link has a better BER performance than that of Max-Link for SNR values greater than 8dB, resulting also in a higher diversity gain. And the results are the same when we compare the dashed curves. These results show that the theoretical PEP performance matches the BER performance and validate the accuracy of our analysis. Note that in this case we have just a pair of possible transmitted symbols, so the BER performance is comparable to the PEP performance. Fig. 4 shows the average throughput and average delay performances of the Switched Max-Link and Max-Link [13] protocols, for the same configuration described in Fig. 3 . The Switched Max-Link protocol has a high average throughput even for low SNR values. This does not happen to Max-Link, as in this protocol, if an outage event occurs, the packet is not transmitted (reducing the average throughput). Moreover, Switched Max-Link has a low average delay (when S = 5) even for low SNR values as opposed to Max-Link. Note that for multiple antennas the BER performance of the MMD-Max-Link scheme is much better than that of QN-Max-Link for the total range of SNR values tested. When we increase N , the MMD-Max-Link has its performance improved. The same does not happen to QN-Max-Link, as the QN criterion does not take the metric D ′ min into account. This result validates the accuracy of our analysis in Section IV, illustrating that a better theoretical PEP worst case performance achieved by the MMD relay selection criterion implies also a better BER performance for the MMD-Max-Link protocol. Fig. 5  b) shows the Switched Max-Link, the MMD-Max-Link and the conventional MIMO BER performance comparison for M S = M R = 2, N = 10, J = 4, S = 1, QPSK, perfect and imperfect CSI (β = 1 and α = 0.8). The QN-Max-Link was not considered as its performance is worse than the performance of the proposed protocol. Both for perfect and imperfect CSI, the performance of Switched Max-Link is considerably better than that of the conventional MIMO for a wide range of SNR values. Switched Max-Link also outperforms MMD-Max-Link, and has resiliency in low transmit SNR conditions. Moreover, we note that outdated CSI results in diversity loss.
B. Performance under asymmetric channels
In the following we consider the BER, sum-rate and average delay performances of the proposed and existing schemes under asymmetric channels. R,D = 1 and σ 2 S,D = 0.2). The performance of the proposed Switched Max-Link scheme, for S = 1, is very close to that of the MMD-Max-Link, illustrating the importance of switching to the Max-Link mode, when we have low power SD links. Fig. 7 shows the sum-rate (assuming Gaussian signaling) and the average delay performances of the Switched Max-Link, MMD-Max-Link and the conventional MIMO protocols, for the same configuration described in Fig. 6 . We notice that the simulated average delay of the MMD-Max-Link is equal to its theoretical value N J MS = 10 . This result validates the accuracy of our analysis in Section IV. When we increase S in the proposed Switched Max-Link, the average delay reduces and is less than 1 time slot, when S is equal to 10. This result also validates the accuracy of our analysis. Moreover, the sumrate of the proposed Switched Max-Link, for SNR values less than 6dB, is increased when we reduce S, and, for SNR values greater than 6dB, it is increased when we increase S. 1 and σ 2 S,D = 5). The performance of the proposed Switched Max-Link scheme, for the S values tested, is better than that of the conventional MIMO and considerably better than that of the MMD-Max-Link scheme, illustrating the importance of switching to DT mode, when we have high power SD links. Fig. 9 shows the sum-rate and the average delay performances of the Switched Max-Link, MMD-Max-Link and the conventional MIMO protocols, for the same configuration described in Fig. 8 . When we increase S in the proposed Switched Max-Link, the average delay reduces and is less than 1 time slot, when S is greater than 3. Moreover, the sum-rate performance of the proposed Switched Max-Link (for all the S values tested) is very close to that of conventional MIMO, for all the range of SNR values tested, and considerably higher than that of the MMD-Max-Link scheme. Sum Rate (bits/Hz) Average Delay Fig. 11 . a) Sum-rate and b) average delay performances, with low power SR or RD links. Fig. 11 shows the sum-rate and the average delay performances of the Switched Max-Link, MMD-Max-Link and the conventional MIMO protocols, for the same configuration described in Fig. 10 . When we have low power SR links (σ 2 S,R = 0.5 and σ 2 R,D = 1), the probalility of selecting an SR link is less than the probability of selecting an RD link, so the average delay is less than the average delay with equal unit power channels (σ 2 S,R = 1 and σ 2 R,D = 1). Otherwise, when we have low power RD links (σ 2 S,R = 1 and σ 2 R,D = 0.5), the probalility of selecting an RD link is less than the probability of selecting an SR link, so the average delay is greater than the average delay with equal unit power channels. Moreover, the sum-rate performance of the proposed Switched Max-Link is very close to that of conventional MIMO, even for low power SR or RD links, and considerably higher than that of the MMD-Max-Link scheme. The slightly worse sum-rate performance of Switched Max-Link compared to conventional MIMO is justified, as the proposed scheme is able to transmit with higher order modulation due to the improved BER performance.
C. Performance for Massive MIMO
In the following we consider the performance of the proposed scheme for massive MIMO (with a small number of antennas at S and D and a large number of antennas at the relays). . Both the BER and sum-rate performances are considerably improved when we increase M R , illustrating that the proposed protocol can be used for massive MIMO (with a small number of antennas at S and D and a large number of antennas at the relays). This result validates the accuracy of our analysis, as when U > 1, the maximization of the minimum distances related to H u also implies the maximization of the minimum value of the PEP argument. Note that the achieved BER values were considerably reduced, thus the transmit signal-to-noise ratio SNR (E/N 0 ) ranges from 0 to 10 dB.
VI. CONCLUSIONS
In this paper, we have presented the benefits of using a novel relay selection protocol based on switching and the selection of the best link, denoted as Switched Max-Link. We then consider the MMD relay selection criterion for MIMO systems, along with algorithms that are incorporated into the proposed Switched Max-Link protocol. Switched Max-Link was evaluated experimentally and outperformed the conventional direct transmission and the existing QN Max-Link scheme. Despite the higher complexity of the proposed Switched Max-Link with the MMD relay selection criterion, it is an attractive solution for relaying systems with source and destination nodes equipped with a small number of antennas and relay nodes equipped with a small or large number of antennas due to its high performance and reduced delay. 
However, the selected matrix by the QN criterion is given by
where H ∈ {H S,R1 , . . . , H S,RN , H R1,D , . . . , H RN ,D } and H i,j ∈ C(0, σ 2 ) .
The minimum value of the PEP argument associated to H QN is given by D ′ QN min = min (D ′ QN j , D ′ QN j,k , . . . , D ′ QN 1,...,MS ) j, k = 1, ..., M S , j = k.
If the sum of the powers of the coefficients of one of the columns (or the combination of 2 or more columns by addition or subtraction) of a selected submatrix and/or matrix H QN is very small or tends to zero, we have D ′ QN j → 0, D ′ QN j,k → 0, . . . , or D ′ QN 1,...,MS → 0,
and, consequently: D ′ QN min → 0.
As MMD maximizes D ′ min , the submatrix and/or matrix selected by QN will be different from the selected by MMD:
We have seen that the MMD criterion computes all the values of D ′ and stores its minimum value (D ′ min ), for each submatrix H u . Then, this criterion selects the matrix H (H MMD ) that is associated to the maximum D ′ min (D ′ MMD min ) and the associated relay. As the goal of this criterion is to maximize the argument of the PEP in its worst case (D ′ min ), another criterion such as QN can not outperform MMD but only equalize its performance, resulting in the same D ′ min , if the matrix selected by QN (H QN ) is equal to H MMD . Therefore, if we have H QN = H MMD , this implies that the D ′ min associated to H MMD (D ′ MMD min ) is greater than the D ′ min associated to H QN (D ′ QN min ). As there are cases where H QN = H MMD , we may conclude that: D ′ MMD min ≥ D ′ QN min .
